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Abstract Microbial plugging, a microbial enhancement of
oil recovery (MEOR) technique, has been applied in a
candidate oil reservoir of Daqing Oil Field (China). The
goal of this study is to monitor the survival of injected
bacteria and reveal the response of microbial communities
in field trial of microbial plugging through injection of
selected microbial culture broth and nutrients. Culture-
dependent enrichment and culture-independent 16S rDNA
clone library methods were used. The results show that it
was easy to activate targeted biopolymer-producing bacteria
in a laboratory environment, and it was difficult for injected
exogenous bacteria to survive. In addition, microbial
communities in the oil reservoir also changed before and
after the field trial. However, microbial communities,
activated by fermentative medium for biopolymer-
producing bacteria, appeared to show greater differences in
the laboratory than in the natural reservoir. It was concluded
that microbial populations monitoring was important to
MEOR; results of response of microbial communities could
provide a guide for the future field trials.
Keywords Microbial plugging .Microbial
enhancement of oil recovery (MEOR) .Microbial
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Introduction
After water flooding which is a preferred secondary oil
production technique (Planckaert 2005), new and innova-
tive enhanced oil recovery (EOR) techniques that increase
recovery factors in oil reservoirs are dictated to meet the
increase in energy demand. Besides chemical and physical
EOR technologies, microbial EOR (MEOR) processes are
gaining increased attention by researchers and oil compa-
nies due to their economic and environmentally friendly
advantages (Banat et al. 2010). Current knowledge of
MEOR includes: (1) nitrate and/or nitrite controls for H2S
production, (2) air injection stimulates the metabolism of
hydrocarbons and helps mobilization of crude oil, (3)
fermentative bacterial broth and nutrient injection produce
potential metabolites that can increase oil recovery (Youssef
et al. 2009). Microbial plugging is a specific MEOR
method aimed at improving sweep efficiency by occluding
preferential flow paths known as thief zones (Abdul and
Farouq Ali 2003; Usman 2009). This MEOR method is
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based on the knowledge that fermentative broth and
nutrient of microbial polymers are injected into oil
reservoirs to reduce viscous fingering and stimulate the in
situ growth of microorganisms in high-permeability zones,
respectively (Brown et al. 2002; Khachatoorian et al. 2003).
Bacteria that are used widely in microbial plugging in
laboratory and field trials are Enterobacter cloacae (Ohno
et al. 1999; Nagase et al. 2001) and Bacillus licheniformis
(Yakimov et al. 1997; Maezumi et al. 1998). Biopolymers
or microbial biomass produced by these bacteria work as
plugging agents to reduce flow in high-permeability zones
and thereby redirect the displacement fluid into previously
by-passed portions of reservoirs (Vossoughi 2000; Abdul
and Farouq Ali 2003). In addition, special nutrients injected
into reservoirs always preferentially reach high-
permeability regions (Banat 1995). Thus, the growth of
indigenous microorganisms that can metabolize these
nutrients are stimulated in high-permeability zones or
dominant flow channels, which reduces the movement of
water in these regions of oil reservoirs (Brown 1984; Bailey
et al. 2000).
Numerous laboratory studies and field trials indicate that
the use of microbial plugging is effective in stimulating oil
recovery (Sheehy et al. 1992, Sheehy 1991; Maezumi et al.
1998; Stewart and Fogler 2001, Stewart and Fogler 2002;
Nagase et al. 2001, 2002). However, the main areas of
investigation were related to monitoring permeability
reduction of sandstone cores, increase of oil production,
and reduction of water production. Few studies monitored
microbial communities before and after microbial plugging
to assess the effect of microbial treatments. Whether
microbial communities in a reservoir under field trial will
vary after the injection of fermentation broth of bacterial
cultures and nutrients to stimulate the growth bacteria,
remains unknown. In addition, whether targeted microbes
that enhance oil recovery are activated in natural environ-
ments after injection of nutrients have not yet been
quantified. Also, the existence and character of differences
in microbial communities grown in laboratories versus oil
reservoirs have not been measured. Answers to these
questions are key factors in the assessment of microbial
treatments and could formulate guides for further fieldwork
to improve both understanding of the process and identify
ways of enhancing its effectiveness. Therefore, a compre-
hensive assessment of microbial communities before and
after microbial field trials is of practical importance for
future applications of MEOR. The culture-independent
molecular method based on 16S rDNA has been proven
effective as a basis for understanding microbial communi-
ties in different environments. Studies associated with
microbial communities of petroleum reservoirs have also
been reported (Orphan et al. 2000; Grabowski et al. 2005;
Li et al. 2007; Dahle et al. 2008; Lysnes et al. 2009).
However, monitoring microbial communities during
MEOR field trials has been much less reported.
A microbial plugging field trial was carried out in
Daqing Oil Field (China) from December 2008 to April
2009. In order to gain insight and some answers to the
above questions, wellhead samples of producing wells were
collected at different time intervals before and after the field
trial, and microbial communities of original samples and
enrichment samples were analyzed. Changes in microbial
communities due to microbial plugging were evaluated.
Results would have very significant values to guide the
next field trials of microbial plugging in this oil field.
Materials and methods
Field site and sampling
A block of field trials with an area of 0.72 km2 is located in
the north of the Daqing Oil Field (China). Oil production at
this block commenced in 1964; the original oil in place
(OOIP) is approximately 175.04×104 t with a current OOIP
recovery of 55.28%. Formation pressure increases from
11.19 MPa to 11.62 MPa, and the temperature of this
reservoir is approximately 45°C. Five-spot well patterns are
applied in six injection wells and 11 production wells in
this block (Fig. 1).
A total of 10,000 m3 fermentative cultures of indigenous
bacterium of B. licheniformis DM-1 (DQ539620) and
exogenous bacterium of E. cloacae XW (EF592491) and
nutrients were injected into the study reservoir from
Fig. 1 Five-spot well patterns applied in six injection wells and 11
production wells in the studied block of Daqing Oil Field (China). The
white parts between wells represent the continuity of the studied
reservoir
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December 2008 to April 2009 (data provided by Daqing
Petroleum Group Ltd.). Water–oil samples were retrieved
from wellheads of two production wells, B2-4-P47 and B2-
D5-P35 located in the centre and fringe of the study block
respectively, in October 2008, February 2009, and June
2009. Samples were collected in sterile plastic bottles and
transported to the laboratory as fast as possible for culture
and molecular analyses. In this study, A and B represent the
production wells B2-4-P47 and B2-D5-P35, respectively; 1,
2, and 3 represent the three different sampling times
(October 2008, February 2009, and June 2009).
Enrichment of biopolymer-producing bacteria
The fermentative medium of biopolymer-producing bacte-
ria provided by Daqing Petroleum Group Ltd. was used.
The medium contains, per litre, 20 g sucrose, 2 g KH2PO4,
1 g MgSO4, 1 g (NH4)2SO4. The pH was adjusted to 7.0.
Water–oil samples were inoculated in the proportion of
5:100 (v/v). Enrichment cultures were cultivated at 45°C
(the reservoir temperature) and 150 rmp for 4 days.
DNA extraction
For water–oil samples, a 50 ml sample was centrifuged
(10,000×g; 8 min) to pellet cells, and for enrichment
cultures and positive clone cultures, 2 ml samples were
sufficient. Following the manufacturer’s protocol for the
FastDNA Spin Kit for Soil (Qbiogen, Carlsbad, CA, USA),
genomic DNAwas extracted from collected cells. Extracted
DNA was detected by agarose gel electrophoresis.
Amplification of 16S rRNA gene
The 16S rDNA in the bulk DNA was amplified by the
polymerase chain reaction (PCR) reacting system of 25 μl
including a 2.5 μL of 10×PCR buffer (Mg2+ plus), 10 nmol
of deoxynucleotide triphosphates, 1 U Taq DNA polymerase
(TakaRa), and 10 pmol of each universal bacteria-specific
primer, 27F (5′- AGAGTTTGATCCTGGCTCAG -3′) and
1492r (5′-CTACGGCTACCTTGTTACG A-3′). The thermal
cycler program involved an initial denaturation at 94°C for
5 min, 40 cycles of 94°C for 30 s, 56°C for 60 s, 72°C for 90 s,
and a final extension step of 72°C for 10 min (Zhang et al.
2010). The amplified fragments were approximately 1,450 bp.
Construction of 16S rRNA gene libraries
The obtained PCR products were purified with an Agarose
Gel DNA Purification Kit (TianGen Biotech, Beijing, China)
and ligated into a PGEM-T Easy Vector (Promega, Madison,
WI, USA) as introduced by the suppliers. The ligated products
were transformed into Trans1-T1 competent cells (TransGen
Biotech, Beijing, China) using chemical transformation. 50 μl
cells, incubated for 1 h at 37°C, were spread on LB plates
containing ampicillin (100 μg/ml), IPTG (50 mM), and X-Gal
(80 μg/ml). One hundred putative clones (white) from each
plate were transferred to another labelled LB plate with
ampicillin (100 μg/ml). A re-amplification, with sets of
vector-specific primers T7/SP6, was taken to determine
positive clones. Minimum cells of putative clones were used
as templates in reaction mixtures during the re-amplification
procedure. PCR products of positive clones were subjected to
amplified ribosomal DNA restriction analysis (ARDRA)
(Lagacé et al. 2004) with HinfI and HaeIII (TaKaRa). Clones
with identical ARDRA profiles were classified into one
operational taxonomic unit (OTU). Representative clones,
belonging to different OTUs, were selected for sequencing.
Clone libraries were statistically evaluated by rarefaction
analysis using Analytic Rarefaction 1.3 (http://www.uga.edu/
strata/software/Software.html) software in which the
expected numbers of different ARDRA groups versus the
numbers of positive clones in each library were calculated.
Sequencing was performed on an ABI PRISM 3730 DNA
sequencer (SinoGenoMax Co., Ltd., Beijing, China). The
obtained sequences were manually checked and edited using
DNAMAN version 5.2.2.0. The partial sequences were
submitted to the GenBank database of the National Center
for Biotechnology Information (http://www.ncbi.nlm.gov)
employing the Basic Local Alignment Search Tool algorithm
to determine their phylogenetic affiliation. The sequences
being the nearest neighbours of the submitted sequences were
cited from the GenBank in order to construct neighbour-
joining trees using DNAMAN software, version 5.2.2.0.
Nucleotide sequence accession numbers
16S rRNA gene sequences, submitted to the GenBank, have
been assigned accession numbers: HM593791-HM593819
(environmental samples of production well B2-4-P47),
HM593820-HM593858 (environmental samples of production
well B2-D5-P35), HM593859-HM593867 (biopolymer-
producing bacteria enrichments).
Results
Biopolymer-producing bacterial enrichment cultures
Wellhead samples of the production wells B2-5-P35 and B2-
4-P45 at different sampling times were inoculated into the
fermentative medium for biopolymer-producing bacteria in
the laboratory. After 36 h, the concentration of bacteria
reached the highest peak of 108cells/ml through microscopic
examination, and all enrichment cultures created viscous
white products that did not separate by shaking the bottles,
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which is in keeping with previous studies of biopolymer-
producing bacteria (Cheng et al. 2007). Six enrichment
cultures (PA1, PA2, PA3, PB1, PB2, and PB3) were obtained
at 45°C successfully.
Clone libraries of biopolymer-producing bacterial
enrichment cultures
Six biopolymer-producing bacterial clone libraries (PA1,
PA2, PA3, PB1, PB2, and PB3) based on 16S rRNA genes
were constructed. According to ARDRA of approximately
50 positive clones in each library, microbial diversity in the
six clone libraries appeared low with 3–4 OTUs. The DNA
sequences of microbial communities in the six clone
libraries were affiliated with Brevibacillus agri, B. lichen-
iformis, and Pseudomonas aeruginosa. All the analyzed
sequences had high similarity (more than 98%) with
reported cultured bacteria (Table 1). In addition, there was
very little difference in microbial populations detected in
the enrichment cultures of B2-D5-P35. In comparison, the
enrichment cultures of B2-4-P47, during injection of
fermentative cultures, microbial populations of B. lichen-
iformis replaced the dominant status of B. agri in the clone
libraries. Before the field trial, B. licheniformis were
detected in the enrichment cultures indicating the group of
bacteria was indigenous. The exogenous microbial popula-
tion of E. cloacae was missing from all clone libraries,
which indicated that E. cloacae did not survive in the
reservoir environment. The microbial group of B. agri
appeared and was dominant in all enrichment cultures,
suggesting that the fermentative medium applied in Daqing
Oil Field was able to support the growth of the indigenous
bacterium B. agri in the laboratory.
Microbial diversity in the oil reservoir before the field trial
of microbial plugging
Before microbial plugging, two clone libraries (A1 and B1) of
wellhead samples of the production wells of B2-4-P47 and
B2-D5-P35 were constructed to represent microbial commu-
nities in the oil reservoir. According to ARDAR of approx-
imately 100 positive clones in each library, sequences in the
clone libraries A1 and B1 were assigned to nine and 16 unique
phylotypes, respectively.
Clone library A1 was, on the whole, dominated by
sequences affiliated with Brevundimonas, which is followed
by Thauera and Uncultured Candidate division. The other
closest bacteria related to A1 are displayed in Fig 2. The
closest bacteria affiliated with clone library B1 were less
similar to those in the A1 library; uncultured bacteria
occupying the greater percentage of the diversity but also
included Bacteroidetes. Sequences affiliated with cultured
bacteria were Hyphomonas polymorpha, Agrobacterium, and
Sulfuricuruum (Fig. 3).
Microbial diversity in the oil reservoir during the field trial
of microbial plugging
Microbial plugging was carried out from December 2008 to
April 2009. Samples of both studied production wells were
collected on February 27, 2009. Based on ARDAR of 200
positive clones, two clone libraries (A2 and B2) containing
8 and 16 unique phylotypes, respectively, were constructed.
The major groups of phylotypes in the clone library A2
were Brevundimonas, Pseudomonas, and uncultured Bac-
teroidetes bacterium (Fig. 2). The dominant microbial
communities of B2 were Pseudomonas stutzeri, Brevundi-
monas, Sphingomonas, and uncultured bacterium (Fig. 3).
Microbial diversity in the oil reservoir after the field trial
of microbial plugging
Two last clone libraries (A3 and B3) with 12 and 8 OTUs,
respectively, were constructed from the samples collected
2 months after microbial plugging. Pseudomonas-affiliated
sequences in A3 were abundant; other bacterial communities
of A3 were benzene mineralizing consortium, Sphingomonas,
and candidate division (Fig. 3). Dominant microbial commu-
Closest cultured strains Identity (%) Clone libraries
PA1 PA2 PA3 PB1 PB2 PB3
Richnessa (%)
Brevibacillus agri AB039334 99 69 77 74
Brevibacillus agri AY319301 99 69 7 41 8 11 12
Brevibacillus agri FJ592179 99 9 7
Bacillus licheniformis EU344793 99 14 12 7
Bacillus licheniformis EU718490 99 9 13
Bacillus licheniformis EU373408 99 23 84 34
Pseudomonas aeruginosa GQ180118 99 7 12
Table 1 Closest cultured strains
for clone libraries of
biopolymer-producing bacterial
enrichment cultures
a The percentage of clone numbers
of each OUT occupied the whole
positive clones in a library
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nities in B3 were Acinetobacter and Sphingomonas and
uncultured bacterium.
Rarefaction curves analysis
Rarefaction curves of the clone libraries of six enrichment
cultures and six oil–water samples tended to approach the
saturation plateau at the range of 50 and 100 positive
clones, respectively, indicating that collected positive
clones in libraries could well cover the diversity of bacteria
(Figs. 4 and 5).
Response of microbial community structure to microbial
plugging
Microbial communities in the samples of the two studied
wells varied regularly. For the samples from Well B2-4-
P47, uncultured bacteria-affiliated sequences were identi-
Fig. 2 Phylogenetic tree of bac-
teria 16S rDNA phylotypes of
clone libraries A1, A2, and A3
constructed from oil–water
samples from oil production
well of B2-4-P47. The tree was
based on partial 16S rDNA
genes (approximately 800 bp)
and the nearest clones retrieved
from GenBank database. Boot-
strap values (>60%) are attached
at branch points. The scale bar
represents 5% estimated se-
quence divergence
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fied in clone libraries A1, A2, and A3 at 16%, 13%, and
25% of the total population, respectively. Before microbial
plugging, few sequences was assigned to Pseudomonas in
clone library A1, but after the field trial, the ratio of
Pseudomonas-affiliated sequences rose to 13% in clone
library A2 and reached 56% in the A3 library. Similarly,
Sphingomonas-affiliated bacteria were not detected in the
samples collected before the field trial, but after microbial
plugging in the reservoir, Sphingomonas-affiliated sequen-
ces appeared in clone library A2 (1%) with an increase to
11% in clone library A3. By contrast, Brevundimonas-
affiliated sequences were predominant in the A1 (71%) and
A2 (61%) clone libraries; however, in the A3 library,
Brevundimonas-affiliated sequences disappeared (Fig. 6),
which indicated that with the injection of fermentative
medium for biopolymer producing bacteria in the oil
reservoir microbial communities of Pseudomonas and
Sphingomonas were activated while the growth of Brevun-
dimonas was inhibited.
For the samples from Well of B2-D5-P35, uncultured
bacteria accounting for 84% of all sequences in clone library
B1 were absolutely dominant before microbial plugging, but
Fig. 3 Phylogenetic tree of bac-
teria 16S rDNA phylotypes of
clone libraries B1, B2, and B3
constructed from oil–water
samples from oil production
well of B2-D5-P35. The tree
was based on partial 16S rDNA
genes (approximately 800 bp)
and the nearest clones retrieved
from GenBank database. Boot-
strap values (>60%) are attached
at branch points. The scale bar
represents 5% estimated se-
quence divergence
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the fraction of uncultured bacteria-affiliated sequences
dropped tremendously to 20% after the field trial, suggesting
that the nutrients injected to the studied oil reservoir
selectively enhanced the growth of cultured bacteria, as the
cultured degree of microbial communities in the oil reservoir
was improved. The stimulated cultured bacterial communities
were primarily composed of Sphingomonas, Pseudomonas,
and Acinetobacter. Although no Sphingomonas, Pseudomo-
nas, and Acinetobacter lineages were detected in the sample
before the field trial, Sphingomonas-affiliated sequences
appeared in the B2 and B3 libraries, representing 18% and
33% of total sequences, respectively; a large proportion of
the sequence (42%) in the B2 library was related to
Pseudomonas, but the proportion decreased to 3% in the
B3 library; Acinetobacter lineage were only detected in the
sample collected 2 months after microbial plugging com-
menced, with a significant contribution (44%) to the B3
library (Fig. 6).
Discussion
The principal contributions of this study were to detect the
growth of injected bacteria, find out the response of microbial
communities to microbial plugging in the studied oil reservoir,
and identify the differences between microbial communities
activated in the laboratory and in the natural environment by
applying microbial molecular study methods.
It is undeniable that experimental studies, carried out in the
laboratory, provide basic parameters to guide applications in
various fields; however, it is also notable that results obtained
from actual performance are not always similar with those
obtained in the laboratory due to environmental factors that
are unaccounted in the laboratory. In this study, microbial
communities of B. agri, B. licheniformis, and P. aerugi-
nosa appeared in enrichment cultures of biopolymer
producing bacteria in the laboratory, offering further
support that the fermentative medium can activate the
growth of the targeted bacterium B. licheniformis. Com-
pared with the microbial communities activated in the
laboratory, bacteria activated in the studied oil reservoir
were different; they included Pseudomonas, Sphingomo-
nas, and Acinetobacter, but no B. licheniformis appeared.
Reasons for the discrepancies likely relate to neglect the
complex environmental factors of oil reservoirs. Firstly,
the most easily overlooked environmental factor is strata
pressure. Studies focusing on the effects of high pressures
on extremely thermophilic deep-sea bacteria indicate that
pressure exerts dominant control on the physiological
behaviour and viability of the studied bacteria (Canganella
et al. 1997; Bartlett 2002; Kaye and Baross 2004;
Boonyaratanakornkit et al. 2007). In the case of oil
reservoirs, a depth of approximately 2,000 m beneath the
earth’s surface has a pressure of 11.62 Mpa. Therefore, the
environmental factor of strata pressure needs to be
considered in the laboratory. Secondly, oxygen content is
another environmental factor often neglected. In general, oil
reservoirs, before exploitation, are identified as anaerobic
environments; hence, they harbor mainly anaerobic and
facultative microorganisms (Youssef et al. 2009). After being
subjected to drilling and various production operations, oil
reservoirs experience changes in oxygen content. As a result,
microbial communities, especially those inhabiting the areas
near the injecting wells, change in accordance with the
change in oxygen environment (Lysnes et al. 2009). The
studied oil reservoir has been producing oil for approximate-
ly 45 years; hence, oxygen contents in different parts of the
reservoir are unknown and complex. However, enrichment
cultures in the laboratory were carried out in stable aerobic
conditions, leading to preferential growth of aerobic
biopolymer-producing communities. Thirdly, cure oil and
formation water appears to be another contributing environ-
mental factor. The main fluids in oil reservoirs are cure oil
and formation water, the former acting as a carbon or
nitrogen source and the latter containing various volatile
organic acids, salts and trace elements, which are believed to
sustain the growth of a large number of isolates (Barth and
Riis 1992; Magot et al. 2000; She et al. 2010). In this study
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Fig. 4 Rarefaction analysis of 16S rRNA gene positive clones for
clone libraries of biopolymer producing bacterial enrichment cultures
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Fig. 5 Rarefaction analysis of 16S rRNA gene positive clones for
clone libraries of oil–water samples of A1, A2, A3, B1, B2, and B3
using software of Analytic Rarefaction
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without considering the chemical compositions of crude oil
and formation water, possibly contributing to the appearance
of different microbial communities.
Before microbial plugging, microbial communities present
in the two samples collected from different wells in the same
block appeared different; in addition, after microbial plugging,
activated microbes in the two wells were also different, which
might be caused primarily by the complexity of sedimentary
structures, diversity of diagenesis, and heterogeneity. The
studied block contained approximately 17 layers (PI1-PI17).
The targeted layer of production well B2-D5-P35 was PI5-7
while for B2-4-P47 it was PI1-4 (data were provided by the
Daqing Oil Field). The difference in targeted layers means a
difference in the inhabiting environments, methods of inject-
ing nutrients, types of microbes in situ and types of microbes
capable of growth or activation. Although activated micro-
bial communities were not the predicted ones, oil production
in the studied block increased by approximately 2,000 t (data
provided by Daqing Petroleum Group Ltd.). Previous reports
showed that Pseudomonas sp., known to degrade oil, can
decrease oil viscosity (Jinfeng et al. 2005), and members of
the genus Acinetobacter produce the most commonly used
bioemulsifier called emulsan (Rosenberg and Ron 1999),
which suggested that their presence among the activated
microbial communities may have had the ability to enhance
oil recovery.
Molecular analysis methods have emerged as important
tools for discovering the microbial diversity of environ-
Fig. 6 Relative abundances of
bacterial community composi-
tions in water–oil samples re-
trieved from wellheads of two
production wells, B2-4-P47 and
B2-D5-P35, in October 2008,
February 2009, and June 2009,
revealing the response of mi-
crobial communities before and
after a field trial of microbial
plugging in Daqing Oil Field
(China)
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mental populations. However, each method used has
advantages and limitations (Cottrell et al. 2005). In this
study, B. agri and B. licheniformis groups grew dominantly
in the clone libraries of enrichment cultures, indicating
these groups of microbes inhabited in the wellhead
samples; however, B. agri and B. licheniformis-affiliated
sequences were absent in the clone libraries of the wellhead
samples. In addition, before microbial plugging, sequences
belonging to Pseudomonas and Acinetobacter were not
captured in clone libraries, while after microbial plugging;
those microbial groups were activated and appeared. This
showed that the various methods used have different types
of biases in procedures of extraction of DNA (Feinstein et
al. 2009), PCR amplification (Sipos et al. 2010), and TA
clones (Taylor et al. 2007). Therefore, it is inevitable that
some microbial groups will be missed using some techni-
ques, especially, those having low abundance within the
environmental samples. Pham et al. (2009) suggested that it
is useful to apply more than one technique in microbial
diversity studies.
In conclusion, given the environmental complexity of oil
reservoirs, microbial communities in every layer of a
reservoir appear to be different, and simulating the entire
natural environment of an oil reservoir is infeasible.
Activation of targeted bacterial communities is more
difficult and survival of exogenous is lower in oil reservoirs
than in the library. Thus, the performance of field trials of
MEOR is not as easily measured as the enrichment culture
and core tests carried out in the laboratory. Taking into
account these differences, monitoring microbial communi-
ties in the reservoir before and during field applications
may be a useful tool in monitoring the likelihood of
occurrence or progression of MEOR activity and may
become an essential guide for MEOR applications.
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